Background: Exercise-induced pulmonary hemorrhage (EIPH) is diagnosed and its severity assessed by post-exercise tracheobronchoscopy, and enumeration of bronchoalveolar lavage fluid red blood cells (BALFRBC). Minimal information is available regarding the relationship of tracheobronchoscopy score to BALFRBC number.
Conclusions and Clinical Importance: False negatives are common with tracheobronchoscopy. Follow-up determination of BALFRBC may be indicated for tracheobronchoscopy scores = 0 before EIPH can be ruled out.
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barrel racing, EIPH, endoscopy, equine, exercise 1 | INTRODUCTION Exercise-induced pulmonary hemorrhage (EIPH) is defined as the presence of blood within the lower airways and is commonly seen in horses after intense exercise. 1 The diagnosis of EIPH relies on the observation of blood in the upper airway, trachea, or large bronchi during tracheobronchoscopic examination (TBE), counting red blood cells (RBC) in the fluid collected from a post-exercise bronchoalveolar lavage (BAL), or both. 2 Although TBE assigns 1 of 5 possible scores (0-4) as a reflection of EIPH severity, evaluation by BAL is semi-quantitative and has been used to assess the severity of EIPH in horses, cyclists, and greyhounds. [2] [3] [4] Distal segments of a lung are lavaged after exercise, as much lavage fluid as possible recovered, and the number of RBC in that fluid (BALFRBC) determined. The diagnostic validity of BAL with respect to EIPH has been questioned because of the possibility that the procedure itself might induce hemorrhage from the airway mucosa and iatrogenically increase the post-exercise BALFRBC number. 5 However, we could find little evidence that this concern has been investigated in horses. 6 Bronchoalveolar lavage is not commonly performed after TBE in the short-term post-exercise period for the diagnosis of EIPH, and we could find no criteria regarding the BALFRBC number that is considered positive for the condition. Some studies have utilized posttreadmill exercise BALFRBC number to assess the effects of putative prophylactic treatments for EIPH, but none of them designated horses as positive or negative for EIPH on the basis of a given number. [7] [8] [9] [10] Tracheobronchoscopic examination is easier to perform than BAL and consequently is the diagnostic method of choice for EIPH.
Criteria for assigning a particular TBE EIPH score severity have been described in detail. 11 The TBE EIPH scores are assigned according to observations made 30 minutes to 2 hours after exercise, with a score of 0 signifying no visible evidence of EIPH. Although the specificity of TBE is apparently very high (low rate of false positives), it is also assumed to have a high sensitivity. However, this assumption has not been justified and the sensitivity of TBE may well be lower than presumed, because the lack of visible TBE evidence of EIPH does not indicate that hemorrhage did not occur.
Our overall objective was to evaluate the relationship between BALFRBC and TBE EIPH scores after strenuous exercise in horses.
First, because of uncertainty as to whether the BALFRBC number can be affected by the BAL procedure itself, we showed that the BAL procedure did not influence BALFRBC number. We then investigated the relationship between BALFRBC and TBE EIPH scores by correlating EIPH scores with BALFRBC numbers in a large population of horses after treadmill and racetrack exercise, and barrel racing. Lastly, we identified a BALFRBC number that could serve as a threshold value for purposes of diagnosing a horse as positive or negative for EIPH and used this number to determine and compare the sensitivities and specificities of TBE score and BALFRBC as diagnostic tests of EIPH after supramaximal exercise.
| MATERIALS AND METHODS

| Effects of the BAL procedure on lavage RBC number
Nine healthy sedentary adult horses (5 Thoroughbreds, 3 Arabians, 1 Quarter Horse; aged 9-15 years) that had not exercised for at least 3 months were used. Two BALs were performed on each horse 24 hours apart by blindly passing a flexible balloon-tipped catheter into the right or left bronchial tree, as described below.
| Determining the correlation between TBE score and BALFRBC number
To determine the correlation between TBE score and BALFRBC number, 247 TBE, followed by BAL, were performed 45-90 minutes after strenuous exercise on 150 different Thoroughbreds (mean ± SD age, 7 ± 1.8; range, 4-13 years; body weight, 495 ± 38 kg), Quarter Horses, and Appendix Quarter Horses (8 ± 11.5; range, 3-23 years) for both breeds. Exercise modalities consisted of supramaximal treadmill exercise (20 Thoroughbreds, 75 runs) and breezing and simulated racing on a racetrack (7 of the 20 horses that exercised on the treadmill plus 1 other; 27 runs) and barrel racing (129 Quarter Horses and Appendix horses, 145 runs).
| Supramaximal treadmill exercise
Each horse galloped to fatigue at the speed for which the calculated oxygen requirement was 115% of its maximum oxygen consumption 
| Barrel racing
Horses were examined with the permission of event organizers and owners at events in Washington, Idaho, Oregon, and Montana. The events typically were 2-4 days long with a variety of competitive levels. A minimum of 6 days elapsed between events. The presence and severity of EIPH was graded according to a scale defined by the quantity of blood observed in the airways. 11 
| Tracheobronchoscopic examination and EIPH scoring
| Bronchoalveolar lavage
Bronchoalveolar lavage was performed immediately after TBE, except for the initial study using sedentary horses, which did not entail TBE.
For the Thoroughbreds, it consisted of blind instillation of 300 mL of phosphate-buffered saline (PBS) into 1 lung, through a flexible balloontipped catheter (Bivona Medical Technologies, Gary, Indiana; 102 samples). With the barrel racers, a catheter was passed down the biopsy channel of the endoscope at the conclusion of TBE and 300 mL PBS infused through it. After infusion of the fluid, it was aspirated until a detectable increase in resistance to its collection occurred. The RBC in the BALF were manually counted under ×40 microscope power using a hemocytometer. The number of erythrocytes in the BALF was expressed as RBC/μL.
| Statistical analysis
The correlation between EIPH TBE score and post-exercise BALFRBC number was calculated using a Spearman rank correlation with data collected after barrel racing, treadmill, and racetrack exercise events. The effect of prior BALF evaluation on BALFRBC number was assessed using a 1-way repeated-measures analysis of variance. In all instances, significance was set at P < .05.
Sensitivity and specificity of TBE in exercised horses along with the population characteristics of BALFRBC numbers in both exercised and non-exercised Thoroughbreds were estimated using a Bayesian analysis similar to that described previously. 15 
| BALFRBC in sedentary horses
The BALF recovered from these horses was very clear and colorless.
Bronchoalveolar lavage using the soft balloon-tipped tube on the sedentary horses had no effect on the BALFRBC number after a second BAL 24 hours after the first procedure (P = .47). All BALFRBC numbers recovered from both BALs in these horses were <700 RBC/μL, and the difference between the first and second BALFRBC numbers ranged from an increase of 248 RBC/μL to a decrease of 107 RBC/μL. The mean ± SD BALFRBC number for the first BAL was 286 ± 160/μL (range, 75-617), while that for the second procedure was 322 ± 194/μL (range, . No evidence of erythrophagocytosis was observed in any of the collected BALF.
| Relationship between TBE EIPH score and BALFRBC number
The Spearman rank correlation between TBE score and BALFRBC number was significant but weak (P < .001; r s = 0.42; Figures 1 and 2 ).
Numbers of BALFRBC between 4167 and 41 105/μL were associated with TBE EIPH scores from 0 to 4 (Table 1, Figure 1 ). The color of the BALF also varied considerably, ranging from a colorless to dark red when TBE score = 0, and from pink to dark red for TBE scores of 1-4.
| Sensitivity and specificity of TBE score and BALFRBC number
Based on TBE, the prevalence of EIPH in the barrel racers was 52%, whereas that in the Thoroughbreds was 59%. The optimal F1-score and 39 samples that were positive for EIPH based on BALF analysis but negative on TBE (ie, EIPH score = 0; Table 2 ). The TBE sensitivity was estimated at 0.59 (95% credible interval, 0.49-0.68; Table 3 ). The BALFRBC estimated sensitivity at our determined threshold was 0.93 (95% credible interval, 0.88-0.96), and the estimated specificity was 0.95 (95% credible interval, 0.73-1.0; Table 3 ). No previous studies have aimed to address the correlation between TBE score and BALFRBC number and their respective sensitivities and specificities as diagnostic tests for EIPH. A statistically significant relationship was found between EIPH TBE score and BALFRBC number.
| DISCUSSION
However, the correlation between these 2 diagnostic methods was weak. The SD of the BALFRBC number for each TBE EIPH score was higher than the corresponding mean, and the range of RBC numbers associated with each score was very large (Figure 1 ). We clearly demonstrated that a horse cannot be deemed EIPH-negative based on failure to visualize EIPH with TBE. The lack of visual evidence of EIPH should not be equated with the absence of EIPH, because such horses still can have a strongly positive BALFRBC number. In some instances, there also was marked visual evidence of EIPH based on the obviously pink or red color of the recovered BALF from horses with a TBE score of 0. This was in contrast to the lack of color to the BALF collected from the sedentary horses.
It has been unclear as to whether the BAL procedure itself might be associated with airway hemorrhage. One previous report documented effects of repeated weekly BAL procedures for 10 weeks in 4 non-exercised horses and found that there was no change in BAL-FRBC number over the course of the study. 23 However, because BAL-FRBC numbers decreased rapidly in the first 3 days after instillation of 40 mL of autologous blood into lung segments, 24 we felt it was important to further assess whether the BAL procedure itself could induce hemorrhage and inadvertently increase post-exercise BALFRBC by evaluating the effects on this variable of performing 2 BALs in a period of 24 hours. The results indicated that performing the first BAL had no effect on the RBC number recovered in the subsequent procedure. Furthermore, the mean ± SD for each BAL was very similar to that previously reported in non-exercised horses lavaged weekly for 10 weeks (309 ± 73/μL). 23 These numbers were lower than those previously reported for non-exercised horses (844 ± 123/μL). 6 However, those horses had been exercised regularly until 4-6 weeks before 2 BALs were performed 1 week apart. Despite the fact that BALFRBC numbers decrease markedly soon after instillation of known volumes of blood, erythrocytes can be detected 2 and 3 weeks, respectively, after a single bout of strenuous exercise, [24] [25] [26] which is why we selected horses that had not been exercised for at least 3 months before this portion of the investigation. The highest BALFRBC number recorded from the 18 BALs performed on the sedentary horses was 617/μL, and the subsequently calculated EIPH positive RBC threshold number (992/μL) was >3 SDs higher than the mean BAL-FRBC numbers in these horses. Consequently, it seems very unlikely that the BAL procedure per se induces airway hemorrhage provided that an appropriate technique is utilized. It is unclear why a small number of RBCs were present in the BALF of sedentary horses, but this finding is not without precedent. 6 It is unlikely that such findings reflect previous bouts of EIPH because of the lengthy period between any previous exercise and BAL and the lack of evidence of erythrophagocytosis. Some diapedesis of blood into the smallest airways may be normal, because some leucocytes also are normally found in the airways of healthy horses. 6, 27 The sensitivity of a diagnostic test is a measure of its accuracy in detecting cases that are truly positive for the condition in question,
whereas the test's specificity refers to the likelihood that it will correctly identify cases that do not have the condition (true negatives). A positive EIPH result was assumed for TBE score ≥1 and/or BALFRBC number ≥992/μL, and a negative EIPH result was associated with a TBE score = 0 and BALFRBC number <992/μL.
With respect to EIPH, the clinical emphasis is on correctly identifying all horses that have experienced pulmonary hemorrhage, especially those in which the occurrence is severe enough to be performance limiting. Anecdotally, the sensitivity of TBE has been presumed to be high, and management and therapeutic decisions often are based on whether or not a horse is deemed to be EIPH-positive on TBE. Others have suggested that BAL is a more sensitive test than TBE on the basis of EIPH prevalence calculations derived from BAL findings in actively exercising racehorses. 8, 28 Although the diagnosis of EIPH was based on the detection of hemosiderin granules and hemosiderophages as well as erythrocytes in those studies, the evidence indicated that the prevalence of EIPH was >90%, which was well above reported prevalences of up to 80% based on a single TBE in other groups of racehorses. 29, 30 Bronchoalveolar lavage was postulated to be a more sensitive diagnostic test because of these differences in prevalence, because sensitivity was not actually determined.
We were unable to find any published calculations of the sensitivity or specificity of TBE or BALFRBC number, although reference also has been made to the possibility that TBE can be associated with A single unexpected instance occurred in which the TBE EIPH score was >0 but the BALFRBC number was <992/μL. This instance was regarded as a false-negative BALFRBC result. The threshold RBC was determined from the Bayesian statistical analysis rather than direct scientific evaluation and was therefore the best possible estimate based on the available data, so the occurrence of a falsenegative BAL result was not surprising. The finding also could have been an indication that all or most of the hemorrhage into the airways had cleared the smaller airways by the time the BAL was performed or that the region of lung that was lavaged was not representative of the area from which the EIPH emanated in that particular horse.
In conclusion, the diagnosis of EIPH cannot always be based on TBE. The relationship between BAL and TBE is weak to moderate at best, and it is important that veterinarians, horse owners, and trainers be aware of this poor correlation. Practitioners might be advised to perform BAL on horses that have not performed well but have a TBE score = 0, before completely ruling out EIPH. If the goal is to identify whether a horse is positive for EIPH, then BALFRBC number is the single test of choice because it has a much higher sensitivity (0.93 versus 0.59). However, it is more practical to first perform TBE because it is easier to do. If the TBE = 0, then a BAL can be performed subsequently because of the high false-negative rate with TBE.
